INTRODUCTION
Perfluoroalkyl ethers exhibit high physical and chemical stability and have low vapor pressure.
These qualities make them an excellent choice for lubricants in computer disk drive platters and satellite bearings. They are being intensively studied in order to develop a better understanding of the mechanisms of their catalytic decomposition on metal and metal oxide surfaces [1] [2] [3] [4] [5] [6] . One predominant theory suggests that the reaction is initiated by weak Lewis acid-base interactions at the metal-ether interface [7] . Atoms on the metal surface act as Lewis acid sites which interact with basic oxygen sites on the ethers. Kasai et al. studied the breakdown of a series of commercial perfluoroalkyl ethers on AI203 [8] and AIC13 [9] at elevated temperatures. Based on the reactants, the identity and distribution of products, and the relative reactivities of the lubricants, the authors proposed a credible mechanism: two adjacent oxygen atoms adsorb simultaneously onto a metal acid site, inducing a charge on the attached carbon atoms which, in turn, causes a fluorine atom to migrate and a bond to cleave. The cleaved molecule then continues to fragment. Other mechanisms for the catalytic breakdown have been suggested [10] . While the reactivity of non-fluorinated ethers is governed by their acid-base chemistry, the substitution of one or more of the ether hydrogens by fluorine is expected to decrease the basicity of the oxygen atom. Also, the reaction of one oxygen in a polyether is expected to reduce the basicity of the other oxygen(s). Other basic sites on the fluoroether chain, e.g. the fluorine atoms, may participate in a reaction with surface acid sites, and the reaction could be dissociative. For these reasons, it is of interest to study the basicities of polyalkyl ethers with varying levels of fluorine substitution. A convenient indicator of basicity is the proton affinity [11] , which is defined as the negative enthalpy of gas-phase protonation; for example: In an attempt to delineate the effect of stepwise fluorine substitution at the ether, we herein present a survey of calculated proton affinities of four symmetrically substituted dimethyi ethers containing varying amounts of fluorine, using second-order Moeller-Plesset (MP2) perturbation theory and a 6-31G** basis set, applied to geometries determined with a 3-21G basis set (MP2/6-31G**//MP2/3-21G). This paper expands on earlier work by using bigger basis sets and including the effects of electron correlation.
COMPUTATIONAL DETAILS
Structural parameters and single-point energy values were determined with the use of the Gaussian 92 computer package [19] . The calculations were performed on a Cray C-90 or a Cray Y-MP8
supercomputer. The geometry optimizations were carded out using a 3-21G basis set at the MP2 level of theory. The resulting optimized structures were then used to determine MP2 single-point energies with a 6-31G** basis set [201. A staggered C2 symmetry was chosen as the initial geometry; a rotational potential energy surface to scan for metastable geometries was not performed in this study, but will be reported later [21] . The C2 symmetry implies that, for the partially-fluorinated ethers, the unique atoms in each methyl group were initially placed on opposite sides of the C-O-C plane. This was assumed to be the lowest-energy conformation.
(More recent results confirm that these are the lowest-energy conformations for both ethers [21] .) Frequency calculations were performed on the optimized structures, and the absence of any imaginary values confirmed that the optimized structures were true energy minima. These computations also yielded thermal energy values. Protonation was assumed to occur at the oxygen atom in all cases [22] . Proton affinities were then calculated as follows:
PA : -AH298 : -(AE 0 + AEther m + A(PV)) (2) where AE0 is the difference in the total electronic energies at 0 K, and AEther m includes contributions from the zero-point and thermal vibrational energy (scaled by a factor of 0.95), rotational energy, and thermal translational energy differences. A(PV) is the standard conversion from internal energy to enthalpy and in this case equals -RT (= -2.47 kJ/mole). Higher level corrections were ignored, as they were predicted to be of negligible value and expected to mostly cancel in difference calculations.
RESULTS AND DISCUSSION

Structures
The assumed to contain conformationally equivalent methyl groups, which imposed a C2 symmetry on the molecular geometry. The initial geometries of the protonated ethers had C 1 geometries and no structural parameters were constrained. It was felt that the rotational conformational isomerism of the methyl groups would have negligible effect on the proton affinity. Determination of the potential energy surface with respect to methyl rotations in both the unprotonated and protonated ethers is currently underway [21] .
The initial optimization of (CH3)20 yielded a structure in which the methyl groups were slightly rotated (<5°) out of the C-O-C plane. This was unexpected, since it was thought that a C2v symmetry would have the lowest energy. Upon constraining the molecule to a C2v symmetry and re-optimizing the other structural parameters, an electronic energy minimum was calculated that was indeed slightly lower (-8 Kj mole -I ) than the initial optimized structure.
We therefore use this constrained geometry as our reported result, and conclude that dimethyl ether has a relatively flat potential energy surface near its minimum-energy geometry.
For (CH3)20, H1 and H4 (see Fig. 1 for labeling) are in the C-O-C plane, and the molecule exhibits a C2v symmetry. This is similar to the optimized structure of diethyl ether, (C2H5)20, which also optimized to C2v symmetry under similar optimization conditions [ 23] . Upon substitution of F for all hydrogens, the departure from C2v symmetry is pronounced, due to the larger van der Waals radius of the fluorine atom. Table 4 shows that F1 and F4 (see Proton Affinities Experimental data is available only for (CH3)20, which has a PA of 804 kJ/mole [11 ] . The 3-21G basis set results in a relatively poor calculated PA for this molecule.
However, the MP2 single point energies using the 6-31G** basis set yield a proton affinity of 810.7 kJ/mole, a variance of-7 kJ/ mole or 0.8%. The absolute variance is within the desired +8 kJ/mole variance for G2 theory, [24] suggesting that the methodology used in this study is adequate for energy difference considerations.
Additional polarization and diffuse functions were added to the proton for the optimizations of the protonated ethers with the thought that such an augmentation would allow for a better description of the interactions of the proton with the ether. After optimization, however, all frequency calculations yielded at least one negative vibration. We therefore abandoned this course of investigation and, cognizant of the potential impact on our results, determined the proton affinities in the absence of the hydrogen basis set augmentation.
To illustrate the importance of electron correlation, HF/6-31G** and MP2/6-31G** singlepoint-energy-derived PAs were calculated. Table 5 shows the calculated proton affinities for the four ethers studied here. In only one case, (CFH2)20, are the HF and MP2 values for the proton affinity similar. In the other three cases, differences of 6-23 kJ/mole are found.
On the presumption that a similar error exists for the other ethers where no experimental data exist, the calculated PA's in Table 5 show the expected trend: a decrease upon increased fluorination. The geometry for (CF3)20 compares well with results of the two studies by Delhalle et al. [ 13, 14] . They determined a ZPVE-corrected proton affinity of 556.5 and 560.7 kJ/mole for perfluorodimethyl ether using the 3-21G and the 6-31G* basis sets, respectively. Our MP'2 results include some level of electron correlation, which accounts for part of a difference of +40 kJ/mole in the calculated proton affinity. In addition, comparison of our MP2/6-31G**//MP2/3-21G proton affinity results with experimental data for dimethyl ether and two of the diethyl ethers [23] shows very good agreement, with an average difference of _+5kJ/mole. This suggests that the MP2/6-31G**//MP2/3-21G methodology does a more than adequate job of predicting the proton affinities of fluorinated ethers [20] .
If these proton affinity predictions apply to larger fluoroether polymers, they collectively suggest a very weak base behavior at the oxygen atoms. While this does not disprove the hypothesis that Lewis acidbase mechanisms are the first step in polyperfluoroether lubricants, it suggests that such interactions may not be energetically favorable.
We are continuing to investigate the properties of these compounds to better understand how fluoroethers interact with protons, metal ions, and metal oxide surfaces. Table 5 Theoretical proton affinities for various dimethyl ethers. Table II. ]0 H H2 H4 Figure 4 ._Optimized structure of(CFH2)2OH +. Cf. Table If. F2 F4 F3 Figure 5 .--Optimized structure of(CF2H)20.
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